ABSTRACT A push-push parallel-feedback oscillator constructed through a differential bandpass filter (BPF) is investigated in this paper. For the first time, the differential filter has been utilized as the parallel-feedback element to provide differential outputs in designing the push-push oscillator. Low phase noise performance and easy design process can be obtained due to the parallel feedback circuits compared with series feedback ones. The complex quality factor (Q sc )-peak frequency of the BPF is chosen as the half final output frequency to further improve the phase noise performance. Also, the improvement of the odd harmonic suppression and even harmonic enhancement can be easily obtained. Moreover, due to the existence of the common mode suppression, only 180 • out-of-phase mode will be achieved which makes the oscillator run in a stable condition. To validate the design concept, a push-push oscillator based on a microstrip differential BPF has been achieved which is operating at 8.37 GHz. The measured results show that the output power is −5.4 dBm with a phase noise of −134.6 dBc/Hz at 1-MHz offset.
I. INTRODUCTION
High performance signal sources are vital components for radio frequency (RF) front-end circuits which have become more and more attractive for low-cost applications. Low phase-noise oscillators based on microstrip technology utilizing combline BPFs [1] , T-shaped stepped-impedanceresonator filters [2] and composite right/left-handed transmission lines [3] have been investigated. However, if the operating frequency goes up to millimeter wave band, the high loss of microstrip technology leads to poor Q-factor, which limits its performance. Recently, the substrate integrated waveguide (SIW) technique has attracted us more attentions for its low cost, low insertion loss and high Q factors. Two X-band oscillators employing SIW resonators are demonstrated in [4] and [5] with improved low phase noise performance. A concurrent voltage-controlled oscillator (VCO) using square open-loop resonators is proposed [6] for dual-band operation. The dual oscillation frequencies can be independently tunable which greatly improves the flexibility in design. To extend the usable frequency range of the active device, push-push oscillators have been put forward [7] - [16] . A push-push dielectric resonator oscillator (DRO) in a phase-locked environment has been studied in [9] with its improved phase noise and reduced fundamental frequency. Two push-push CMOS oscillators are illustrated in [12] and [13] . With the proper phase delay in the feedback loop [12] , lower phase noise performance has been achieved but with low output power. Recently, SIW and substrate integrated coaxial line (SICL) technique have been used in designing a push-push and push-pull oscillator in [15] . However, its fundamental frequency suppression is poor. A somewhat different approach to implement a pushpush oscillator [16] does not use two separate sub-circuits. Instead, it is based on a differential oscillator. This paper reports a novel push-push oscillator based on a highly selective differential BPF which is utilized as a parallel-feedback element. Low phase noise performance and easy design process can be obtained due to the parallel feedback circuits. The improvement of the odd harmonic suppression and even harmonic enhancement can also be easily achieved. Moreover, with the improved CM suppression, this proposed structure can run in a stable condition in the 180 • -out-of-phase mode. This paper is organized as follows. Section II presents the design process of the proposed push-push oscillator in four steps. Firstly, the basic principle of the push-push oscillator has been illustrated. Secondly, the proposed structure of our design will be elaborated. Then, detailed working principle in this design based on the differential circuits will be depicted through electromagneticfield analysis and formula deduction process. At last, s short summary about the design process of the novel push-push oscillator has been illustrated. Sections III shows the design process of the differential bandpass filter and the measured results for the realization of the push-push oscillator based on a microstrip differential filter. Finally, brief conclusions are drawn in Section IV.
II. OSCILLATOR DESIGN A. BASIC THEORY OF THE PUSH-PUSH OSCILLATOR
The basic theory of the push-push oscillator is to cancel out the odd harmonic frequencies and enhance the even harmonic frequencies. The two signals s 1 (t) and s 2 (t) marked in Figure 1 could be written as:
where k 0 is the direct current component, k n (n = 1, 2, 3 . . .) is the amplitude information, ω n accounts for the angular velocity and Φ n models the phase information. After two signals synthesized, we obtain:
Usually, the second harmonic frequency of the S out (t) could be extracted as the final output frequency of the push-push oscillator. Figure 1 shows the configuration of the proposed FIGURE 1. The proposed structure of the push-push oscillator.
push-push oscillator based on a differential BPF, where f 0 is one half of the oscillation output frequency.
B. ANALYSIS OF THE PROPOSED STRUCTURE
It can be observed that instead of the two-port phase coupling network in the conventional push-push oscillator, a differential BPF (four-port network) has been utilized as the parallelfeedback element in this study. Two sub-circuits connected with the differential BPF which construct the two parallel resonant units. The internal structure of the sub-circuit has also been illustrated including power supply sections, input/output matching sections and an amplifier element shown in Figure 2 . The working principle of the proposed push-push oscillator will be clearly elaborated inthe following. The schematic diagram of the proposed push-push oscillator is illustrated in Figure 3 where Y a and Y b represent the input and output feedback elements.
[Y ] models the network parameters of the four-port passive portion. [Y A ] accounts for the matrix of active device. Based on the rigorous theoretical derivation in [14] , this proposed structural model has two stable modes, one in-phase, the other 180 • -out-of-phase which are depicted as follows: 1) even mode:
FIGURE 3. The schematic diagram of the proposed push-push oscillator. VOLUME 6, 2018 where ϕ 1 and ϕ 2 are the phases of the two feedback signals to ports 1 and 1'. In this mode, the two input signals at port 1 and 1' are equal phase and also equal amplitude due to the perfect symmetric structure. The plane of symmetry is equivalent to the perfect magnetic wall (PMC). Each loop phase satisfying 0 • or multiple of 360 • at f 0 . Ideally, the oscillator can not operate at f 0 in this mode due to the CM suppression. Thus, it is worth mentioning here that better CM suppression is beneficial to the stability of the oscillator. It can be observed that only the 180 • -out-of-phase mode can be excited which will be illustrated in the next part. 1) odd mode:
In this mode, the two input signals at port 1 and 1' are equal amplitude and reverse phase. The plane of symmetry is equivalent to the perfect electrical wall (PEC) and the insertion loss between ports 1 and 2 (1' and 2') is S dd21 . Each loop phase satisfying 0 • or multiple of 360 • at f 0 . Thus, ideally, if the loop gain provided by the amplified circuits is larger than |S dd21 |, the oscillator will be oscillating and finally stable at oscillation frequency. Due to the perfect symmetric structure, the steady state condition of each loop can be calculated. The admittance matrix of parallel feedback can be written as:
According to the the boundary conditions and the relationship between the current and voltage, we obtain:
By calculating (6) and (7), we obtain:
Thus, the steady state condition can be written as:
Through (9), the output admittance can be obtained:
In this situation, the oscillatory balance condition is achieved and the two output signals (s 1 (t) and s 2 (t)) are working at the same frequency with equal amplitude and opposite phase. After integrating the two signals by a power combiner, the second harmonic frequency of the s out (t) can be extracted as the final output frequency with appropriate output matching networks.
C. A SHORT SUMMARY OF THE DESIGN PROCESS
The design process of this novel push-push oscillator has been illustrated in four steps as follows. Firstly, a differential BPF will be designed with narrow band and high selectivity as a frequency-selecting feedback circuit. Then, the Q sc -peak frequency within the differential mode (DM) passband can be obtained based on the analysis in [1] . Secondly, two amplifiers can be devised at the Q sc -peak frequency of the filter with input and output matching circuits to provide proper loop gains. Thirdly, a power combiner will be implemented and its working frequency can be designed at the final output frequency (2f 0 ). Lastly, the entire circuit can be constructed based on the diagram shown in Figure 1 with each loop phase satisfying 0 • or multiple of 360 • at the Q sc -peak frequency of the filter.
III. FILTER DESIGN AND RESULTS
For verification, a novel push-push oscillator based on a differential filter implementing at 8.37 GHz has been designed on a substrate with a dielectric constant of 2.2. The thickness of the substrate (Roger's 5880) used here is 0.508 mm and the loss tangent is 0.0009. The schematic diagram of the proposed differential filter based on microstrip technology has been illustrated in Figure 4 . Half-wavelength stepped-impedance resonators (SIRs) [19] have been introduced to design the differential BPF with two transmission poles. Moreover, open stubs which only respond to CM signals are added on the plane of symmetry to improve the CM suppression. A pair of steppedimpedance stub (Z 7 , θ 7 , and Z 8 , θ 8 ) is added to the input microstrip line which is used to suppress the unwanted spurious passband in the low-frequency region [20] . To create an extra transmission zero near the upper passband shown in Figure 6 , we couple to the output microstrip line with a U-shaped microstrip line, which only responds to DM signals.
Due to its symmetrical structure, the DM and CM equivalent half circuits shown in Figure 5 could be easily analyzed. Under DM operation, a virtual electric wall along the plane of symmetry (POS) is generated. The proposed SIRs are identical to quarter-wavelength shorted SIRs which have characteristic impedances Z 1 and Z 2 and electric lengths θ 1 and θ 2 . Z 0 models the impedance of the 50 microstrip line. The two open stubs added along the POS are invalid while the U-shaped microstrip line (Z 4 , θ 4 , Z 5 , θ 5 and Z 6 , θ 6 ) is coupled to the output microstrip line. On the contrary, in CM, a virtual magnetic wall along the symmetric line is generated, two open stubs (2 × Z 4 , θ 4 and 2 × Z 9 , θ 9 ) are regarded as bypass branch lines while the U-shaped microstrip line is invalid. From the above discussion, we found that the CM resonance condition is different from the DM one. Therefore, the length of the two open stubs along the POS could be adjusted to suppress the CM signals in the balanced filters design.
The insertion loss in DM and the CM suppression have also been depicted in Figure 6 . Within the passband, the Q sc -peak of 485 at 4.17 GHz in Figure 7 is chosen to be half the final output frequency to achieve low phase noise performance. Its extraction process is clearly elaborated in [1] . The actual resonant frequency is 4.18 GHz which has a little deviation from the simulated data. It may be caused by the machining errors. Two field effect transistors (FETs) named NE3512S02 have been used to design the amplifying circuit which are biased at V ds = 2 V, V gs = −0.3 V with the total collector current I = 57 mA. A photograph of this push-push oscillator is shown in Figure 8 with an area of 60 mm × 139 mm. The optimal design dimensions are also illustrated. The width of the 50 microstrip line is 1.56 mm. Two open stubs of length 8.5 mm are symmetrically added to the input of the power combiner to obtain higher output powers at the second harmonic frequency. The proposed oscillator is measured using Agilent E5052B signal source analyzer. The measured output spectrum is illustrated in Figure 9 where the output power is −5.4 dBm at 8.37 GHz. The fundamental frequency is eliminated to be −28.8 dB as depicted in Figure 10 and the phase noise (PN) of the oscillator is −75.4 dBc/Hz at 10 KHz frequency offset frequency, while the PN@100KHz and PN@1MHz are −101.2 dBc/Hz and −134.6 dBc/Hz, respectively as depicted in Figure 11 . The FOM of the pushpush oscillator can be written as:
where L( f ) is the phase noise at the offset frequency and P dc is the dc power consumption. The FOM of this push-push oscillator is calculated as −192.5 dBc/Hz at 1 MHz offset frequency. It can be observed that low phase noise and low FOM in our work have been obtained compared with other oscillators, VCOs and push-push oscillators in Table 1 . Moreover, Table 2 shows the comparisons for different push-push oscillators. It can be observed that the improvement of the odd harmonic suppression and even harmonic enhancement can be easily obtained. In summary, this proposed structure features low phase noise performance, low FOM, easy design, high stability and high fundamental frequency suppression which can be widely applicated in RF front-end circuits.
IV. CONCLUSIONS
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